INTRODUCTION
In solving the problem of selecting vibration-absorbing polymeric material for a particular construction, an individual approach is required. Occasionally this problem can be solved by using special materials adapted for service in a strictly defined temperature and frequency range or other special conditions. In other cases, materials with a wide range of vibration absorption are necessary, and then it is possible to use copolymers manufactured with the use of one or several chemical/physicochemical methods. Furthermore, not only dissipative but also general service and public safety requirements have to be addressed satisfactorily. For example, it is important to take account of such properties of materials as the level of adhesion to the working surface, non-toxicity, nonflammability, resistance to the action of the external medium (weather, heat, chemical, and water resistance), wear resistance, and others. These requirements are so varied that they contradict one another in terms of processing and service characteristics.
PRINCIPAL VIBRATION-ABSORBING CHARACTERISTICS OF POLYMERIC MATERIALS
In the development of modern effective vibration-absorbing devices -damper/absorbers -wide use is made of polymeric materials of different chemical structure. The portion of energy of the external mechanical modulus that is expended on vibrations is dissipated by polymers in the form of heat owing to the relaxation effects occurring in them under cyclic loading (periodic deformation). As a result there is a reduction in the amplitude of vibrations of constructions, which leads to an increase in their reliability and to an improvement in their technical parameters. In order to produce effective vibration-absorbing material (VAM) in the necessary temperature and frequency range, polymers are selected that possess a considerable magnitude of mechanical losses in the given temperature and frequency range. The level of vibration absorption is characterised by the tangent of the angle of dielectric losses, tg δ. The fundamental parameters of any polymer are tg δ and the temperature corresponding to the maximum value of this characteristic, T tg δ max. Maximum losses of mechanical energy in polymers, tg δ max , appear in the region of transition from the glassy state to the rubbery state, i.e. in the region of "unfreezing" of segmental mobility, the position of which on the temperature scale is determined by the glass transition temperature T g . At frequencies of vibrations f ≤ 1 Hz, T tg δ max (or the dynamic T g ) practically coincides with the structural T g of the polymer. However, with increase in the frequency by one decimal order, T tg δ max increases roughly by 7-10 K for most types of polymer [1] . However, even in the region of glass transition, few classes of polymers possess the values of high mechanical losses that are of interest for practical application. The viscoelastic properties of polymers depend on their chemical (molecular) and supermolecular (intermolecular) structure. The chemical structure of the polymer governs the magnitude of intermolecular interaction and the degree of ordering of the macromolecules, and also their crystallinity.
VIBROACOUSTIC CHARACTERISTICS OF POLYMERS OF DIFFERENT STRUCTURE
All polymers (homopolymers) can be divided into three groups in terms of their tg δ ( Table 1) .
The first group includes polymers with the highest losses of mechanical energy, which are chiefly esters and ethers of polyvinyl alcohol (PVA) in which there is the optimum combination of molecular chain flexibility and intermolecular interaction ensuring the necessary magnitude of internal friction (tg δ ≈ 2.0-2.4). Thus, on the basis of PVA dispersions, several grades of vibrationabsorbing materials of the mastic type have been developed [2] . In Russia these are mastics VD-17-58, VMP, and Adem; in Germany -Schalschluk-163/328 B, Schalschluk-19/8 K, and Terefon-110; in Great BritainAquaplast-K-102; and in Bulgaria -compound K-61. Coatings based on PVA possess the highest vibrationabsorbing characteristics (tg δ = 0.3-0.5), satisfactory strength and adhesion properties, and very low flammability, and they are non-toxic, workable, and chemical resistant. The mastic material ensures highquality contact with surfaces of any configuration and curvature. Their main shortcoming is their low water resistance [3] . Furthermore, the maximum losses are located only in the region of positive temperatures (>10°C).
The second group includes polymers with lower values of tg δ (≈1.0-1.4). Such polymers contain strongly polar molecules and groups of the type Cl The segmental mobility of the molecular chain of the polymer decreases in the former case on account of increase in intermolecular interaction, and in the latter case on account of the emergence of steric hindrances during rotation of the macromolecule. These are such polymers as, for example, polyvinyl chloride (PVC) and its plasticised composites, rubbers of different structure, and rubber compounds based on them. On the basis of PVC and its copolymers, in Russia multiply materials of the mastic type are produced -Agat, Bort, Viponit; in Germany -Bondal; in the United States -ZD-400; and in Bulgaria -Listove-58. On the basis of butyl methacrylate (BMA), in Russia a lamellar VAM, Poliakril-VS, has been created. On the basis of a copolymer of methyl methacrylate (MMA) with styrene, in the United States a vibration-absorbing material, ZDS-501, has been developed. Among these, most widely used are Poliakril-VS and Viponit, since they possess the highest coefficient of losses (tg δ = 0.3-0.5) and certain other advantages. These materials exhibit maximum damping at room temperature and can be used at temperatures ranging from -5°C to +50°C [2] .
Synthetic rubbers and rubber compounds are very common materials used in the construction of damping devices. This is due firstly to the fact that these materials possess poor vibration-absorbing properties in a fairly wide temperature range (from -60°C to +100°C). The T g values of these materials lie in the region of subzero temperatures. Therefore, the temperature region of transition from a solid glassy state to a rubbery state is fairly broad and includes both subzero and positive temperatures, including temperatures of the order of 18-25°C, very often exhibiting maximum mechanical losses in this region. They are therefore referred to differently as elastomers. Secondly, this is due to the stable production of these materials by industry on a fairly broad scale, on account of the reliable feedstock base, which explains their ready availability and relative cheapness. In Japan, to create superdamper rubber (SDR) used in vibrationdamping devices for the stays of bridges, use is made of butadiene-styrene rubber (with additions of active carbon and polymers) [4, 5] . In ref. [6] it is pointed out that, for similar purposes in Sweden, use is made of neoprene (or chloroprene) rubber -Nairit.
To dampen vibrations of the stays of bridges located in northern regions of Russia with damping devices in which use is made of inserts based on rubbers similar to SDR, it is necessary to select a rubber capable of operating at temperatures ranging from -50°C to +50°C, since butadiene-styrene and chloroprene rubbers are capable of operating at temperatures ranging only from -35°C to +40°C ( Table 2) .
In an analysis of the properties of different types of rubber (Tables 2-4) for the natural conditions of Russia, it is possible to propose synthetic isoprene rubber as a reliable replacement for SDR materials, superior to the latter both in the temperature range of service (from -60°C to +150°C) and in the combination of physicodynamic properties: strength, modulus of internal friction, coefficient of abradability, fatigue life, wear resistance, and weather resistance. For these purposes, in Russia use is also made of butyl rubber -one of the main components in the production of materials possessing a wide temperature range of effective vibration absorption [9] . Butyl rubber operates both in the low-temperature region and in the medium-temperature region (T work ranging from -45°C to +45°C), and therefore it is included in the composition of lamellar metal-polymer composite materials in quantities ranging from 60 to 300 parts per 100 parts other polymeric components. To increase the adhesion of the polymer interlayer/ply to metal plates/ rods, use is made of the method of graft polymerisation of vinyl monomers (for example, vinyl acetate onto butyl rubber). Such composites ensure tg δ = 0.7-1.2 and a temperature range of effective vibration absorption from -45°C to +90°C. These materials can undergo smallradius bending without separation of the polymeric material from the metallic substrate, since σ sh = 2.2-2.5 MPa. In this context, it is suggested that it be used as the rubber insert instead of butadiene-styrene SDR, and also in other constructions of metal-polymer dampers.
To lower the level of vibrations of metalwork, use is often made of different polymer-based vibration-absorbing coatings, including coatings in which rubbers and rubber compounds are used [10] [11] [12] [13] .
As the filler in fluid dampers used to suppress vibrations of tall buildings, extensive structures, different engineering constructions, including bridges, and on ships and spacecraft, wide use has been made of liquid low molecular 
weight polyisobutylene (polybutene -PB) rubbers with a molecular weight MW = (10-50) × 10 3 and silicone rubbers with MW = (20-100) × 10 3 , generally based on polydimethyl-and polymethylphenylsiloxanes (PMS and PMPS) -so-called silicone oils [13] [14] [15] [16] [17] [18] [19] .
Silicone rubbers differ from others in certain extremely valuable properties connected with features of the chemical and physical structure of this polymer:
1. A relatively small change in viscosity with change in temperature (this explains their use in constructions used under conditions of great temperature gradients) or with change in shear rate.
2. High compressibility.
3. Simultaneously high cold and heat resistance (T work from -70°C to +300°C), which is not observed in any other class of natural or synthetic substances (for I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I 
International Polymer Science and Technology, Vol. 30, No. 2, 2003 comparison, in PB rubbers, elasticity is retained only down to -50°C, since T g = -65°C; at lower temperatures they solidfy and become brittle). The high cold resistance and elasticity in such a large temperature range in silicone oils is due to their very low T g (for PMS T g = -123°C, which is lower than for any other rubber).
Furthermore, silicone polymers are chemically inert, water repellent, and non-toxic. Owing to the unusual combination of such important properties in a single polymer, silicone oils have been very widely used in practically all sectors of industry. In ref. [18] , the possibility was demonstrated of using silicone oil as a fluid carrier (base) in magnetic fluid damping devices (or in so-called electromagnetic suspension systems). Such dampers can be classified as active (or smart), since they can be controlled. The magnetic fluid in the given case is a stable colloidal solution of magnetic particles (of the magnetite type -Fe 3 O 4 ) of 100-200 Å diameter in silicone oil, stabilised by the addition of surfactants which prevent coagulation (conglomeration) of these particles.
The operating principle of all magnetic fluid vibration dampers is as follows. In the absence of a magnetic field, the particles are chaotically oriented in their moments. When a magnetic field is applied, their magnetic moments are ordered, as a result of which magnetisation of the fluid appears, which disappears with removal of the external magnetic field. The resultant of all magnetic forces, directed along a normal to the magnet "floating" in the magnetic fluid, counteracts the force of the weight of the magnet and the additional loads both of a static and a dynamic nature (coinciding in direction to the normal).
The third group includes polymers with a high degree of crystallinity, for example polyethylene, polytetrafluoroethylene, polychlorotrifluoroethylene, polyethylene terephthalate, epoxy resins, etc. They possess the lowest losses of mechanical energy (tg δ ≈ 0.1-0.2). This is due to the small content of amorphous phase and to limitation of the mobility of the segments of macromolecules at the boundaries of the amorphous and crystalline regions. With the modification of such polymers, leading to disruption of the crystal structure and to increase in amorphous phase, the mechanical losses increase. For example, the modification of epoxy resins of the type ED-20 and E-181 and their blends with polyesters and Thiokol polysulphide rubbers in quantities of 40-60 parts (per 100 parts resin) leads to a considerable increase in tg δ from 0.15-0.20 to 0.4-0.8 [20, 21] . However, account must be taken of the fact that the heat distortion temperature and strength properties of epoxyester and epoxy-Thiokol polymers are considerably lower than those of unmodified resins. In spite of this, on the basis of composites of this kind, effective vibrationabsorbing materials have been developed and are being successfully used in different sectors of industry. Thus, in Russia, on the basis of modified oligomers, mastics of the type Antivibrit-2, Antivibrit-3, Antivibrit-5, and Antivibrit-7 have been developed [2] . The maximum mechanical losses for these materials in constructions appear at T = 20-30°C and amount to no more than 0.2, but in the temperature range 0-10°C they amount to only 0.09-0.14. To dampen constructions at elevated temperatures, mastic Antivibrit-7m has been developed, which has maximum damping at 70-80°C and is intended for use in the temperature range 40-100°C. Mastic developed on the basis of an epoxy-polyvinyl acetate dispersion of grade Adem-T has maximum tg δ at 60-80°C and is also capable of operating effectively in the range 40-100°C.
With respect to the temperature ranges corresponding to maximum effectiveness of vibration absorption, all polymeric VAMs can be divided into the following groups ( • low-temperature VAMs with T tg δ max ranging from -50°C to 0°C;
• medium-temperature VAMs with T tg δ max ranging from 0 to 50°C;
• moderately high-temperature VAMs with T tg δ max ranging from 50 to 80°C;
• high-temperature VAMS with T tg δ max greater than 80°C.
CHEMICAL AND PHYSICOCHEMICAL METHODS FOR MODIFYING POLYMERS IN ORDER TO IMPROVE THEIR DAMPING PROPERTIES
Homopolymers are characterised by a narrow peak of mechanical losses (since maximum tg δ is achieved in the region of transition from the glassy to the viscous flow state), although its height, depending on the nature of the polymer, can be very considerable [22] . Therefore, they cover only small frequency and temperature ranges.
The problem of improving the effectiveness of vibration absorption in engineering constructions and structures is solved, as a rule, not by synthesising new types of polymer but by modifying the structure and properties of polymers already being industrially produced. For this, both chemical and physicochemical methods exist.
The chemical processes for treating polymeric materials are based on chemical reactions between the components. The chemical methods include, for example, static, block, and graft copolymerisation, "structure formation", and polymerisation mixing [23] . The physicochemical methods include compounding (mechanical mixing), plasticisation, and the introduction of organic and inorganic fillers. Chemical methods of modification are most effective, since they lead to a radical change in the flexibility and mobility of macromolecules, and consequently to change in the magnitudes of tg δ and T tg δ max. During copolymerisation it is possible to vary in a wide range the type and quantitative ratio of monomer units both in the main chain of the macromolecule and in its side branches. In this case it is possible to control the level of dynamic mechanical properties of such compositions, selecting the necessary temperature (and, where necessary, frequency) range of effective damping ( Table 6 ).
In ref.
[22], on the basis of copolymers, the possibility is shown of producing a wide range of effective vibrationabsorbing materials (including metal-polymer materials) and their combination by different methods, and modification enables these materials to be given the necessary dynamic mechanical, deformation and strength, and other properties.
During graft and block copolymerisation, it is possible to create a microheterogeneous polymeric structure possessing a very wide range of relaxation processes, and consequently a broader temperature range of effective vibration absorption [9, 23] .
In the control of chemical processes of structure formation and the formation of a three-dimensional network, it is possible to regulate the dynamic mechanical properties of VAMs by changing the crosslink density of the three-dimensional network and the flexibility of individual segments [23] [24] [25] . Weakly vulcanised rubbers (in the chemistry of rubbers, the process of structure formation is known as vulcanisation; as applied to reactive oligomers (of the epoxy type) this process is called "curing") form soft rubber compounds, the dynamic T g of which lies far below 0°C, and the effective region of vibration absorption of which covers the range from -40°C to +10°C. Conversely, densely crosslinked thermosetting phenol-formaldehyde and reactive epoxy oligomers have a dynamic T g above 100°C, the magnitude of tg δ in these materials being considerably lower. This is due to the low mobility of structural elements of the network, which limits the possibility of their participation in conformational rearrangements in the process of cyclic strain. Reduction in the degree of structure formation makes it possible to shift the dynamic T g towards lower temperatures and in a number of cases ensures an increase in tg δ.
In the case of polymerisation mixing, i.e. the formation of a blend of dissimilar polymers directly during polymerisation, it is possible to produce a pseudohomogeneous blend of thermodynamically incompatible polymers. Interpenetrating networks are formed, the structural elements of which may differ considerably depending on the degree of crosslinking of these networks, their quantitative ratio, and also the presence of chemical links between the networks. A feature of the structure of these networks makes it possible to create VAMs with a very wide temperature and frequency range of effective vibration absorption [23, 26, 27] . Examples of such VAMs are binary and ternary polymer composites with inactive fillers based on acrylate rubber (AR), butyl rubber (BR), and a copolymer based on butyl methacrylate (CBMA) and polyvinyl acetate (PVA) [26] , and also hybrid binders based on polyurethanes (PUs) [27] . The temperature range of effective vibration absorption for a binary mixture of AR (the soft component with T g = -50°C) with CBMA (the rigid component with T g = 30°C) depends on the ratio of these components. With an AR/CBMA ratio of (70-80):(20-30) parts, two maxima appear at 15 and 80°C, which practically coincide with the positions of the maxima for the initial components. Here, tg δ amounts to 0.8 and 0.9 respectively. With increase in the content of the rigid component above 30 parts, the maximum mechanical losses of the soft component decrease sharply. A similar reduction in the tg δ peak of the rigid component is observed with an increase in the content of the soft component to over 80 parts. For ternary blends AR-CBMA-BR (the soft ,°C  A  V  C  V  t  S  A  B  B  I  N  A  A  A  A  M   1  0  0  1  0  0  2  .  3  9  6  8  7  -2  6   2  0  9  0  1  0  0  .  3  2  6  1  7  -6  5   3  0  8  0  2  1  9  .  2  3  5  3  6  -6  4   4  0  7  0  3  2  8  .  2  5  4 component with T g = -70°C) with a ratio of (60-70):(30-40):(50-200) parts, the maximum losses (tg δ max ≈ 1.0) are observed at 10-12°C. The position of tg δ max changes little with change in the ratio of components in the given range. Here, the fall in the tg δ values at temperatures ranging from -40°C to +90°C is not so steep as for the individual components. Change in the ratios of the components of ternary blends beyond the indicated range leads to a narrowing of the temperature range of effective damping. Inactive fillers (carbon black, mica, titanium dioxide, calcium carbide) change little the temperature dependences of tg δ of the given composites but markedly increase the dynamic elastic modulus and tensile strength and promote a reduction in shrinkage during forming. Such composites can be used successfully in constructional metal-polymer materials or as high-damping inserts (of the SDR type). Therefore, for use in, for example, devices for the damping of vibrations of bridge constructions in northern regions of Russia, it is possible to propose the ternary copolymer AR-CBMA-BR with tg δ ≥ 0.5, which is noted for a broad temperature range of effective vibration absorption: -40°C to +90°C.
The use of polyurethanes and hybrid polymer matrices based on them is also promising for these constructions. The use in their synthesis of compounds of different classes and chemical nature results in a variety of structures and properties that does not exist in other classes of polymers. By varying the MW of crosslinked polyurethanes, for the case just of a single polyoxypropylene glycol polyether, it is possible to shift the T g from one temperature region into another (from the positive region into the subzero region). Thus, with increase in the MW from 500 to 2000, the T g changes from +70°C to -20°C. Here, the value of tg δ amounts to at least 1 (from 1.0 to 1.25).
In the creation of hybrid polymer matrices, which are the base for effective polyurethane vibration-absorbing materials with a wide range of properties, use is made of the method of photoinitiated radical polymerisation of urethane-containing polymerisable oligomers (UPOs). The capacity of UPOs for copolymerisation with other unsaturated compounds ensures control of the properties of the final materials in a wide range. On the basis of these materials, interpenetrating polymer networks (IPNs), semiIPNs, and segregated polymer networks (SPNs) are formed, which are typical examples of hybrid polymer matrices. For example, a polymer network based on oligourethane acrylate of grade OUA-2000T is known, the maximum value of which (tg δ = 0.55) lies in the region of subzero temperatures (T tg δ max = -20°C). Polymeric material KDU-2 (a damping elastic bonding agent) differs from the preceding material in a lower MW of the polyoxypropylene glycol fragments and in the chemical nature of the crosslinks. The maximum value of the mechanical losses for this material is higher (tg δ = 0.85) and lies in the region of positive temperatures (T tg δ max = 55°C). In the case of modification of KDU-2 with methacrylic acid derivatives, the value of tg δ increases still further (to 1.0) and the temperature region of effective damping is broadened (40-70°C). Likewise, on the basis of crosslinked polyurethanes, effective vibration-absorbing mastic coatings have been created with tg δ max = 0.19-0.29 with the addition of mineral fillers to increase the rigidity, and these exhibit maximum damping properties at temperatures ranging from -12°C to +6°C [3] . The mechanical losses of these coatings in the given temperature range are considerably higher than those of coatings of the Adem and Antivibrit type. Furthermore, the main advantages of polyurethane vibration-absorbing materials (compared with materials based on other classes of polymers) must be pointed out: excellent wear resistance, abrasion resistance, tear strength, tensile strength (both filled and unfilled), good weather resistance, oxidation resistance, and high water resistance.
This explains its wide use in the construction of different damping devices, for example in the construction of plastic-spring vibration isolators (to isolate such machines as forging hammers, compressors, and fans) [28] .
The same result under certain conditions can be achieved by a simpler means -mechanical mixing or compounding [23] . With poor compatibility of the components of the blend, two maxima of losses will appear on the curve of the temperature dependence tg δ(T), corresponding to each of them. With good compatibility, the formation of one maximum occupying an intermediate position is observed. In some cases, when the dynamic T g values of the components differ little, it is possible to produce a broader temperature range of effective vibration absorption by the merging of two closely positioned maxima into one maximum. Compounding is one of the most widely used methods for modifying the properties of VAMs.
In the creation of a metal-polymer composite operating at temperatures ranging from -50°C to +50°C, for the manufacture of the polymeric part by mechanical mixing or compounding it seems to be possible to use composites Vibrokauchuk or Elast as the low-temperature component (i.e. with maximum losses in the region of subzero temperatures) and complex composites based on polyurethanes or composites based on AR-CBMA with fillers, the tg δ max of which lies in the region of elevated temperatures [26] . Also, the different copolymers presented in Table 6 can be introduced as low-and high-temperature components.
In the creation and modification of VAMs, wide use is made of the method of plasticisation of the polymeric material by introducing low molecular weight liquid and solid substances that have good compatibility with the polymer being treated and improve its combination of properties [23, 29] . As a rule, the plasticiser reduces the intermolecular interaction, which leads to an increase in the mobility of macromolecules and their segments, and consequently to a reduction in the dynamic T g . This is observed in the case of the modification of epoxy resin with a liquid diluent/plasticiser of the inert type -dibutyl phthalate (DBP). Such composites are used, for example, in the manufacture of composite materials for dynamically similar models (DSMs). The addition of DBP is necessary to lower the viscosity of the epoxy-bisphenol A resin and to improve the impregnating and wetting capacity of the binder. In such a binder there is an increase in mechanical losses and a displacement of T tg δ max towards lower temperatures, which occurs on account of a reduction in the number of crosslinks (chemical crosslinked points). It is known that inert diluents take no part in the formation of the network of chemical crosslinks, but accumulate at the boundaries of globular formations and physically separate crosslinked points, thereby facilitating motion of the molecular chains.
In the case of the use in the binder of an active diluent/ plasticiser (the type of aliphatic epoxy resin DEG-1), again there is a certain increase in mechanical losses and displacement of T tg δ max towards lower temperatures, in spite of the fact that active diluents take part in the chemical reaction of polymerisation and enter the composition of the cured polymer. The reason for this is an increase in the number of flexible ester fragments ("bridges" of the CH 2 -O-type) in the chain of the cured epoxy polymer that are contained in such diluents. From the results of investigations of the dynamic properties of modified cold-curing epoxy composites cured with aliphatic amines, which are used in the manufacture of composite materials for DSMs, it was observed that, for composites with an addition of DEG-1, the mechanical losses reach tg δ = 0.14 at T = 60°C, and for composites with DBP tg δ = 0.20 as early as at T = 55°C [25] . For comparison, in undiluted epoxy resin tg δ = 0.15 at T = 100°C [1] .
As a rule, the dynamic T g decreases in proportion to increase in the amount of plasticiser in the polymer. However, in this case it is necessary to take into account the compatibility limit of the given plasticiser with the specific polymer. If its content is too high, damping decreases, since the coefficient of losses of the low molecular weight substance is lower than for the polymer.
Often, to improve the mechanical properties of polymeric materials (for example, to increase the strength and also to reduce the cost of rubbers), solid dispersed fillers of different types are introduced. When fillers are introduced, the structure of the polymers changes and becomes more complex [21, 23, 30, 31] . On the surface of the filler particles, layers of polymer are formed with a more regular structure and consequently with limited segmental mobility, and therefore with a higher T g . With increase in the degree of dispersion of the filler and its content in the polymer, and with increase in its capacity for energetic interactions with the polymer, the dynamic T g should also increase. However, in practice this is not true of all polymer-filler systems. In the main, increase in the dynamic T g with increase in the amount of filler to a certain value is observed when graphite is introduced [21, 23, 31] . The presence of filler affects the magnitude of tg δ: in theory, increase in the amount of filler in the polymer should lead to an increase in mechanical losses on account of friction of the filler particles with each other and with the polymer. However, it was demonstrated experimentally that, as a rule, when filler is added in quantities exceeding 30-40%, there is a reduction in damping in such a polymer. This is due to the fact that, with excess solid particles, there is a reduction in scope for their motion, and also for the motion of polymer segments blocked by the former. To manufacture highly damping inserts and metalpolymer composite materials, rigid rubbers and rubber compounds are being successfully used. For these purposes, it is also proposed to use different copolymers, polymer blends, and hybrid polymer matrices.
2. A possibly acceptable solution to the problem of damping the vibrations of DSMs will be to use controllable dampers based on smart materials, including the use of magnetosilicone or electrorheological materials.
